The aerospace industry tendencies to realize unmanned aircraft (UAV), micro and nanosatellites, easy to launch in space and with the performances analogous with the actual satellites, imposed a nimble rhythm to the expansion of the NEMS (Nano-Electro-Mechanical-Systems) and MEMS (Micro-Electro-Mechanical-Systems) technologies in the domain of the MATLAB Applications for the Practical Engineer 306
Introduction
Inertial navigation is a dead reckoning positioning method based on the measurement and mathematical processing of the vehicle absolute acceleration and angular speed in order to estimate its attitude, speed and position related to different reference. Due to the specific operation principle, the positioning errors for this method result from the imperfection of the initial conditions knowledge, from the errors due to the numerical calculation in the inertial system, and from the accelerometers and gyros errors. Therefore, the inertial sensors performances play a main role in the establishment of the navigation system precision, and should be considered in its design phase frames (Bekir, 2007; Farrell, 2008; Grewal et al., 2013; Grigorie, 2007; Salychev, 1998; Titterton and Weston, 2004) .
Amazing evolution of physics and manufacturing technologies to improve the optical an electronic fields have made possible the development of opto-electronic rotation and translation sensors in parallel with the mechanical sensors. The Ring Laser Gyros (RLG) have entered the market only in 1980's even if in 1963 was first demonstrated in a square configuration. Mechanical gyroscopes dominated the market and the RLG were required in military applications, because these are ideal systems for high dynamics strap-down inertial navigation, used in extreme environments. The RLG has excellent scale-factor stability and linearity, negligible sensitivity to acceleration, digital output, fast turn-on, excellent stability and repeatability across the range, and no moving parts. Present day RLG's (Ring Laser Gyros) is considered a matured technology and its development efforts are to reduce costs more than to increase its performance (Barbour & Schmidt, 2001 ; Barbour et al., 2010; Barbour, 2010; Edu et al., 2011; Kraft, 2000; Lawrence, 1998) .
Fiber optic gyros (FOG) are also a mature technology and were originally designed as a lowcost alternative to the RLG. Surprisingly, today they compete RLG's both in terms of manufacturing costs, as well as that of performance, gaining prominence in a series of military and commercial applications. The studies provide that the developments in solid-state optics and fiber technology could lead to 0.001-deg/h performance in miniature design. Research in the field of fiber optic gyros, similarly to those of RLG, aimed at decreasing the size and manufacturing costs at an approximately constant level of performance, if not better. Development of miniaturized FOGs was based on the technology achievements brought by the telecommunications industry. An important innovation was the discovery of photonic crystal fibers (PCF Fibers crystal photon) that have been a very important step towards the next generation of IFOG instruments, the PC-IFOG. The introduction of PCFs in IFOG applications brings significant advantages to this field, such as the significant reduction of bend losses and fiber size compared to the conventional optical fiber, minimizing the fiber optic coil diameter, the possibility of incorporating a dispersion compensation in the existing PCF, with the effect of reducing the spectral distortion, guiding light through this type of fiber allows the use of a mid-infrared optical wavelength (Barbour & Schmidt, 2001; Divakaruni & Sanders, 2006; Edu et al., 2011; KVH Industries Inc., 2007; Pavlath, 2006; Tawney et al., 2006) .
In the 1980s, the Hemispherical Resonant Gyro was developed, a vibratory high performance gyro; the inertial sensing element is a fused-silica hemispherical shell coated with a thin film of metal. HRG advantages are related to the fact that it is very light, compact, operates in vacuum and has no moving parts. Its life cycle is limited only by the electronic components, which are redundant (Barbour & Schmidt, 2001; Barbour, 2010; Edu et al., 2011) .
Besides the above mentioned technologies, another technology, very promising in terms of inertial detection, based on atomic interferometry (cold atom inertial sensors) is developing very fast. Atomic interferometry is a sensor-based inertial sensing that uses the atom interferometry, using cold atoms, atoms that are a millionth of a degree above absolute zero, created and then trapped using laser technology. With the researches in optical precision spectroscopy (Nobel Prize 2005) today it is possible to have precise control on the internal and external of freedom of atomic matter. Those huge progresses led to application of ultra-cold matter in fields such as precision measurements, matter wave interferometry and applications in quantum information processing. The atom interferometers are very similar in their basic principle with the optical interferometers. The difference is that the optical wave is replaced with the matter-wave represented by the atoms. The current state-of-art of atom interferometry: the atom interferometers obtained and proof-of-concept. Although, gyros and accelerometers are yet too voluminous, the miniaturization seems feasible in the near future and is developing (Dumke & Mueller, 2010; Edu et al., 2011; Schmidt, 2010) . acceleration and rotation sensors, used especially in the inertial navigation systems. The use of such miniaturized sensors creates the premises to have redundant strap-down inertial navigation systems through the miscellaneous dedicated architectures and at the low-costs comparatively with the case of non-miniaturized and very precise inertial sensors use. On the other way, the use of these miniaturization technologies for the inertial sensors allows the implementation of the entire inertial navigation system in a single chip, including here the sensors and all circuits for the signals conditioning (Bose, 2008; Grewal et al., 2013; Grigorie, 2006 ; Grigorie et al., 2012 a; Titterton and Weston, 2004) .
From the other point of view, these miniaturized sensors have some disadvantages due to the performances decrease with the miniaturization degree increase. They are quite noises, because at the great majority of the acceleration sensors the noise density is between 100 µg/Hz 1/2 and a few hundreds of µg/Hz 1/2 , for the bandwidths between 100Hz and 2500Hz, and at the gyro sensors it is between 0.001 ( o /s)/Hz 1/2 and 0.1 ( o /s)/Hz 1/2 , for the pass bandwidths between 50Hz and 100Hz. Also, for the same type of sensors the noise density can vary from one sensor to the other with 20% of the catalogue value. The filtering of the noise it is not recommended because it is possible to be altered the useful signal and, so, the sensor output doesn't reflect exactly the signal applied at the input of the sensor. Beside the noise increase, through miniaturization appear negative influences on the stability and value of bias, on the scale factor calibration, on the cross-axis sensitivity for the accelerometers and on the sensitivity at the accelerations applied along any given axis for the gyros. For all of these the data sheets of the MEMS and NEMS products stipulate maximal values relatively high, without be able to specify exactly their value to be corrected ( To test the influences of the sensors errors on the solution of navigation of strap-down inertial navigators we realized Matlab/Simulink models for the acceleration and rotation sensors based on the sensors data sheets and on the IEEE equivalent models for the inertial sensors (Grigorie et al., 2010 a; Grigorie et al., 2010 b). For example, for the accelerometers was obtained the model in Figure 1 . He has as inputs the acceleration a i , applied along of the sensitive axis, and the cross-axis acceleration a c , and as output the perturbed acceleration a (Grigorie et al., 2010 a). The analytic form of the model is:
N is sensitivity axis misalignment (in radians), B-bias (expressed in percent of span), k c -crossaxis sensitivity (expressed in percent of a c ), ν-sensor noise (given by its density ν d expressed in µg/Hz 1/2 , K-scale factor (expressed in mV/g), and ΔK-scale factor error (percents of K), and a, a i , a c expressed in m/s 2 . The model was built for few miniaturized acceleration sensors and covers theirs main errors: bias, scale factor error, sensitivity axis misalignment, cross axis sensitivity and noise. 
ω-sensors output angular speed (disturbed signal) expressed in o /s, ω i -applied angular speed ( o /s), S-sensitivity to the acceleration a r applied on an arbitrary direction (( o /s)/g), B-bias (expressed in percents of span), ν-sensor noise (given by its density ν d expressed in ( o /s)/Hz 1/2 ), K-scale factor (expressed in mV/( o /s)), ΔK-scale factor error (percents of K).
For both models, the change of the sensor type that will be used in simulations is made using the associated interfaces. In addition, the interfaces allow the setting of the models, by the user, in custom variants. The models have the advantages to work independent with each of the sensor errors and to study in this way their influence on the inertial navigator positioning solution. Although sensors data sheets specifications are not related to the components of noise, for a more detailed study of the navigators' errors, the sensors' models can be completed with some noise terms starting from theirs Allan variance definitions. Allan's variance results are related to the seven noise terms. Five noise terms are basic terms: angle random walk, rate random walk, bias instability, quantization noise and drift rate ramp, while the other two are the sinusoidal noise and exponentially correlated This chapter deals with solving of a navigation problem relative to terrestrial non-inertial reference frames by using attitude matrices to calculate the vehicle attitude. Once it is highlighted the general equation of inertial navigation, a numerical algorithm is developed for determining the position and speed of the vehicle based on this equation. The algorithm provides position and vehicle speed in horizontal local reference frame (ENU) and its global coordinates (latitude, longitude and altitude). For the presented algorithm is developed an error model that highlights the dependencies of the vehicle positioning, velocity and attitude errors by the strap-down inertial sensor errors used to detect acceleration and angular speed.
In the development of the error model the small perturbation technique is used. Following is conducted a study of the dependence of the inertial navigator outputs errors by the errors of the used inertial sensors based on the Matlab/Simulink models built for acceleration and gyro sensors.
Gyros Matlab/Simulink model and its interface.
Navigation algorithm
The output f → of an accelerometer is influenced by the gravitational field, it being a combination between the vehicle kinematic acceleration a → and the gravitational accelerationg
In literature, f is very well known as specific force (Farrell, 2008; Titterton and Weston, 2004 
relative to the navigation frame. Therefore, the acceleration a → becomes:
and the specific force can be rewritten as:
Considering the expression g → a = g → − Ω → × (Ω → × r → ) for the apparent gravitational acceleration, eq.
(7) implies:
which is known as general equation of the inertial navigation.
The position and the speed of a vehicle may be obtained by the numerical integration of the eq. (8) relative to the navigation frame (Farrell, 2008; Salychev, 1998; Titterton and Weston, 2004) . In the inertial navigation systems with stable platform, the axes of the acceleration sensors are kept parallel with the navigation frame axes, and, as a consequence, the components of the specific force are obtained directly in this frame. If a strap-down architecture is used for the inertial measurement unit (IMU), then the components of the specific force in the navigation frame should be calculated starting from the specific force components in the vehicle frame (SV); the acceleration sensors in IMU are fixed directly on the vehicle rigid structure. In this situation the coordinate change between the vehicle frame and navigation frame is made by using the rotation matrix describing the vehicle attitude relative to the navigation frame.
By choosing as navigation frame the local horizontal frame ENU (East-North-Up) it results 
where f xl , f yl , f zl are the components of the specific force in ENU frame; v xl , v yl , v zlcomponents of the vehicle speed relative to ECEF frame in ENU frame; ω xl , ω yl , ω zl -components of the ENU frame absolute angular speed ω → l on its own axes; Ω xl , Ω yl , Ω zl -components of Ω → in ENU frame; g axl , g ayl , g azl -components of the apparent gravitational acceleration in ENU frame (Farrell, 2008; Grigorie, 2007; Radix, 1993 ): 2 6 0, 0, 9,7803 0,0519 sin 3,08 10 .
With these considerations we have (Farrell, 2008; Grigorie, 2007; Radix, 1993) :
[ , , ] , cos , tg sin ,
h is the altitude relative to the reference ellipsoid, R ϕ şi R λ -principal radii of curvature of the reference ellipsoid (Farrell, 2008; Grigorie, 2007; Radix, 1993 
λ and ϕ are the longitude and the latitude. The angular speedω → r , relative to the ECEF reference frame, has in ENU frame the next components:
Therefore, equations (9) 
To integrate these equations we need to know the initial values of ϕ, λ, h , v xl , v yl , v zl , and, also, the components of f → and g → in ENU frame. Because the IMU of the strap-down inertial navigation system contains three accelerometers and three gyros, its inputs will be the components of the vehicle absolute acceleration and angular speed in the vehicle frame:
] .
The components of the specific force in ENU can be determinate by using the relation:
where R v l is the rotation matrix performing the coordinate change between SV frame and ENU frame and can be calculated by solving the next Poisson equation (Farrell, 2008) :
In eq. (19) ω v and ω l have the expressions:
Can be easily observed that eq. (19) has the general form:
,
with A = ω v andB = ω l . Considering that for a short period of timeΔt, between t n and t n+1 times, the angular speeds ω xv , ω yv , ω zv and ω xl , ω yl , ω zl are constant, we obtains:
and
Δϕ xv , Δϕ yv , Δϕ zv , respectively Δϕ xl , Δϕ yl , Δϕ zl are the increments of the angular rotations measured around the roll, pitch and yaw axes, respectively the increments of the angular rotations around the ENU frame axes calculated by the navigation processor. In this way, the value provided for the X matrix at the t n+1 time is given by: 1 , n n n n n n X X X t X X A t B tX
from where it is obtained:
with:
1 0
Therefore, the solution of the eq. (19) has the form:
Through the numerical integration of the equations (15) are obtained the components of the
With the equations (Salychev, 1998) :
it result the geographic coordinated of the vehicle:
By using the rotation matrix between ENU and ECEF frames (Farrell, 2008; Salychev, 1998 
the components of the relative speed v → in ECEF frame result with equation:
from which, with the model of the gravitational field for ECEF reference frame (Radix, 1993) , it results:
, 66425 ⋅ 10 10 m 2 (Radix, 1993) . Components of g → a in ENU frame, starting from the model (33), are calculated by using the inverse transform ECEF to ENU:
Finally, the vehicle coordinates in ENU are obtained with the equation:
where r → ′ is the vehicle position vector in ENU reference frame. From the mathematical description of the algorithm, it results the block diagram in Fig. 3 .
Error model of the navigation algorithm
The quality of the inertial navigator depends by the precision of the used sensors and by the numerical algorithms implemented in the navigation processor. For the error model developed in this subchapter are taken into account only the errors of the inertial sensors, considering that the numerical algorithm implemented in the navigation processor works free of errors. Thus, the model highlights the dependence of the position, velocity and attitude errors by the errors of the accelerometers and gyros in strap-down IMU. In the development of the error model are used techniques widely presented in the literature (Dahia, 2005; Farrell, 2008; Salychev, 1998; Savage, 2000) .
Denoting with m the ideal value of a measurement and with m ⌢ its real value, given by the measurement system, the measurement error is calculated with the relation:
. 
, ,
and, under the vector forms: ,
Similarly can be defined the errors of the attitude angles (φ, θ, ψ-roll, pitch and yaw), the errors of the vehicle position over the ENU frame axes (x l , y l , z l ), and the errors of the vehicle
, , , dj j j ddy y y
Starting from the errors of the attitude angles may be deduced the errors affecting the attitude matrices. Thus, with the equations expressing the elements of the rotation matrix R l v (ENU to SV) (Farrell, 2008; Salychev, 1998; Titterton and Weston, 2004) and considering as negligible the products of the attitude angles errors taken as small perturbations, (δφ ⋅ δθ = δφ ⋅ δψ = δθ ⋅ δψ = 0), it results:
where R l v is the right matrix, and R ⌢ l v -the matrix provided by the navigation system. From eq.
(44) we have:
In similar way, for the R P l matrix (ECEF to ENU) (Farrell, 2008; Salychev, 1998; Titterton and Weston, 2004) , in which are considered the latitude and longitude errors:
where R P l is the right matrix, R ⌢ P l -the matrix provided by the navigation system, and P has the form:
One of the form of the attitude Poisson equation is (Farrell, 2008; Grigorie, 2007; Salychev, 1998; Titterton and Weston, 2004) :
where ω l and ω v have the expressions given by equations (20) . Due to the erroneous measurements, the inertial system integrates the next equation:
.
Thus, it results:
which, through derivation, implies:
Substituting relations (50) and (52) in (56), get to the formula:
Considering expressions of R, δω v andδω l , in formula (57) can be neglected the products
⋅ R) and we obtain:
which, by multiplication on the left with(R ⌢ l v ) T , leads to the relation:
With formulas (12) and (28) it results:
, cos cos , sin sin ,
Evaluating the terms of differential equation (59), we obtain:
the resulting matrix elements are given by the expressions: 
) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) cos sin ) (cos sin cos sin sin ) . 
represents the errors due to gyro measurements in ENU frame, and δω → l l contains the errors of the angular velocities assessment committed by navigation processor. Equation (67) is the differential equation of the attitude error.
To derive the equation that characterizes the speed error evolution in time it starts from relation (8) 
It results:
that, in the hypothesis of erroneous measurement of accelerations and angular velocities, becomes:
Thus, the speed error will be:
but, according to formula (45),
, and we have:
in which: 6 2 [ ] [0, 0, 3,08 10
Equations (28) give the expressions for the speed components: 
and, by differentiating the velocity components (76), we get expressions:
Can be easily verified, starting from the expressions of R λ andR ϕ , that is valid the formula:
Thus, relations (78) and (79) become: 
from where we obtain:
One observes that the derivative of the position error on the vertical channel is equal with the speed error. 
Also, having in mind the expressions for the angular speed components relative to the ECEF frame ω → r in ENU frame (eq. (14)), it results:
and, from there:
With the notation:
the equation characterizing the evolution in time of the positioning error (eq. (83)) becomes:
In conclusion, the error model of the navigation algorithm in terrestrial non-inertial reference frames by using attitude matrices is described by next equations: The resulting model consists of a system of coupled differential equations and contains nine variables: three variables are errors in the determination of the attitude angles (δϕ, δθ, δψ), three variables are errors in the determination of the speed (δv xl , δv yl , δv zl ), and three variables are errors in determination of the position (δ x l , δ y l , δz l ). The input variables of the model are the errors of the six inertial sensors used in the strap-down inertial navigation system. In addition to the nine variables, in the error model are involved the global positioning errors of the vehicleδλ, δϕ, δh , linking the nine differential equations. Numerical integration of the error model is rather difficult due to the couplings between its equations, but also due to the time evolution considered for inertial sensors errors. It can be performed, however, some numerical simulations, for different sources of error affecting the inertial sensors, in order to highlight their influence on the final errors of the navigation algorithm.
Numerical simulations
The validation of the navigation algorithm and of its error model is achieved by building Matlab/Simulink models for them followed by numerical simulation of these models for several navigation particular cases.
Following is conducted a study of the dependence of the inertial navigator outputs errors by the errors of the used inertial sensors. For this purpose, the Matlab/Simulink models built for acceleration and gyro sensors are used; on the inertial navigator inputs are considered three miniaturized optical integrated accelerometers (MOEMS) and three fiber optic gyros with the associated errors according to their data sheets. Due to the fact that the accelerometer and gyro software developed models allow users to work independently with each sensor error in the theoretical model, are studied the influences of the noise, bias and scale factor sensors errors on the navigation solution components. Simulations are performed for three different navigation cases, the vehicle having the same initial position in all three cases: 1) the vehicle is immobile, 2) the vehicle runs at 0.1 g acceleration on the x-axis, 3) The vehicle is subjected to turning with angular velocity 0.1 degree/s, while running on the track with acceleration 0.1 g along x-axis, which means the sensing of an acceleration of-0.0516 m/s 2 (-0.0053 g) along y-axis.
Thus, starting from the navigation algorithm block scheme in Fig. 3 the Matlab/Simulink model in Fig. 4 is obtained. Also, the software implementation of the navigator error model leads to the Matlab/Simulink model in Fig. 5 .
With these two models it results the validation model in Fig. 6 ; "REAL" and "IDEAL" are blocks modelling the navigation algorithm (as in Fig. 4 ), having as inputs accelerations and angular speeds signals disturbed by the errors of strap-down inertial sensors, respectively undisturbed by the errors of strap-down inertial sensors. "ERROR" is a block by the form in Fig.  5 . The input blocks "Acc" and "Gyro" are accelerometers and gyros models as in Fig. 1 and Fig. 2 , and theirs outputs are applied to the "REAL" block. The values of the input constants are considered to be ideal signals, un-disturbed by the acceleration and rotation sensors, these being applied to the "IDEAL" block. 
MATLAB Applications for the Practical Engineer
The error model validation is realized through the comparison of the differences between the outputs of the "IDEAL" and "REAL" blocks with the outputs of the error model. In Fig. 7 a. are depicted the attitude angles errors, the first column containing the differences between the outputs of the "IDEAL" and "REAL" blocks, and the second column-the outputs of the error model. In the same mode are built Fig. 7 b. (for the positioning errors in ENU reference frame) and Fig. 7 c. (for the speed errors in ENU reference frame).
The reading errors of the accelerometers (δ f xv , δ f yv , δ f zv ) and of the gyros (δω xv , δω yv , δω zv ) applied at the error model inputs are presented in Fig. 8 . For the accelerometers were neglected the effects of the cross-axis accelerations, while for the gyros were neglected the effects of the sensitivity to the accelerations; the data for three miniaturized optical integrated accelerometers (MOEMS) and three fiber optic gyros were used in sensors models.
The un-disturbed inputs were null on all rotation axes and on the x and y axes of acceleration, while for the z channel of acceleration the input was the local gravitational acceleration.
Analysing the error curves in all of the three parts of Fig. 7 can be easily concluded that the allures of the curves in the first columns are similarly with the allures of the curves in the second columns. As a consequence, the error model described by the equations (90) characterizes precisely the deviations of the attitude angles, and of the vehicle coordinates and speeds in ENU frame from their right values, free of the inertial sensors errors influence. On the other way, we can observe that the errors appearing in the altitude channel are much bigger than the errors in the two horizontal channels, and the attitude angles errors are comparable as values in all of the three channels, having an oscillatory behaviour.
For the next steps of the numerical study, just the outputs of the error model in Fig. 6 are considered. As we already mention, simulations are performed for three different navigation cases, starting from the same initial position: 1) the vehicle is immobile, 2) the vehicle runs at 0.1 g acceleration in the North (x-axis) 3) The vehicle is subjected to turning with angular velocity 0.1 degree/s, while running on the track with acceleration 0.1 g along x-axis, which means the sensing of an acceleration of-0.0516 m/s 2 (-0.0053 g) along y-axis.
For the first case, the curves in Fig. 9 are obtained and the absolute maximal values of the attitude, position and speed errors in Table 1 .
According to the graphical characteristics and to the numerical results presented in Table 1 , the errors of the accelerometers and gyros scale factors have an insignificant weight in the increase of the attitude angles errors, accelerometers biases cause an increase with 0.26% percent of the roll and pitch angles errors and not affect the yaw angle error, and gyros biases have important weights in all attitude angles errors, producing an increase with 76.78% in roll angle error, with 95.52% in the pitch angle error and with 149.5% in the yaw angle error. Considering simultaneously the biases and scale factor errors at accelerometers produces an increase with 0.2432% of the error in the roll channel and with 0.26% in the pitch channel, while the error in the yaw channel in approximately constant. Can be observed that the combination of the two accelerometers errors with the noise has beneficial effects in the roll channel by limiting the growth of error, compared to the situation in which is present only the bias. Proceeding similar for the gyros, the effect of the simultaneous considering of bias and scale factor errors is reflected by an increase with 76.77% of the error in the roll channel, with 95.52% in the pitch channel and with 149.5% in the yaw channel. Analysing the results obtained when all errors of the inertial sensors in IMU are taken into account, can be noticed an increase with 77.02% of the roll angle error, with 96.12% of the pitch angle error and with 149.5% of the yaw angle error. As a conclusion, the attitude angles errors are decisive influenced by the gyros biases (the strongest in the yaw channel), in a small degree by the accelerometers biases (in the roll and pitch channels) and negligible by the accelerometers and gyros scale factor errors. 
b.
c. 
Just noise
All non-null Regarding the positioning errors we can observe that: the scale factor error of gyros does not produce any increase in the errors of the three channels; the accelerometers scale factor error influences negligible the errors increase in the horizontal channels (with 0.00968% in x channel and with 0.00962% in y channel) and influences strongly the increase of the vertical channel error (with 280.33%); the accelerometers bias influences strongly the increase of the errors in horizontal channels (with 1031.57% in x channel and with 211.82% in y channel) and with 60.43% in the vertical channel; the gyros bias does not affect the error in vertical channel but has an important influence regarding the increase of the errors in horizontal channels (with 142.32% in x channel and with 94.39% in y channel); the simultaneous considering of the bias and of the scale factor error for the accelerometers has as result an increase of the error with 1029.14% in x channel, with 207.39% in y channel and with 340.93% in vertical channel (it is noted a beneficial effect of the combination of the two errors in the presence of noise, but only in the horizontal channels, in the vertical channel a negative effect is achieved in this regard); the simultaneous considering of the bias and of the scale factor error for the gyros has as result an increase of the error with 142.32% in x channel and with 94.39% in y channel, and does not affect the value of the error in vertical channel; the simultaneous considering of all errors of the inertial sensors in IMU leads to the errors increases with 886.8% in x channel, with 111.55% in y channel and with 340.93% in vertical channel (it is noted a beneficial effect of the combination of all errors in the presence of noise, but only in the horizontal channels, in the vertical channel, keeping the results obtained when all errors of accelerometers were taken into account). Therefore, the positioning errors are negligibly influenced by the scale factor errors of the sensors in IMU, excepting a strong influence on the vertical channel induced by the accelerometers scale factor errors (280.33%), the accelerometers biases have strong influences on all channels (the biggest is on x channel (1031.57%)), and the gyros biases have strong influences on the horizontal channels while in the vertical channel theirs effects are negligible.
For the second navigation case, are considered the taxiing of aircraft in which it is mounted the inertial navigator, starting from the same initial position and the same conditions of speed and attitude as in the first case, with the acceleration of 0.1 g along the x axis. With this case the aim is to study the influence of sensor errors in the navigator errors when on one of the horizontal axis of the accelerometer is applied a non-zero acceleration. By performing numerical simulations for the same cases of influence of sensor errors, the absolute maximal values of the navigator errors in Table 2 and the graphical characteristics in Fig. 10 Comparing the numerical results in Table 2 with those in Table 1 it can be seen that the percentage of errors influences are almost the same, the only noticeable change being that of accelerometers and gyros biases effect on the positioning error in x channel. 
All non-null It notes, also, the effect of non-zero entry in acceleration, on the x axis of the navigator, on the change of the weights held by the accelerometers scale factor errors in the calculus of the position errors.
Subjecting the vehicle to a gyration angular speed of 0.1 o /s, while running on the track with the acceleration 0.1 g along the x axis, it has a change of the heading angle of 6 degrees after 1 min and a lateral deviation of 185.4039 m a distance of 1764 m on the East direction. Because the speed is close to the take-off limit, the motion is equivalent to the horizontal movement on a circular arc with a radius of about 16.907 km, which means the sensing of an acceleration of-0.0516 m/s 2 (-0.0053 g) along the y axis of the vehicle. Considering the same initial conditions as in the two previous cases, the graphical characteristics of the errors obtained through the numerical simulation are given in Fig. 11 , while the absolute maximal values of the navigator errors are shown in Table 3 .
Sensors errors
Attitude Table 3 . Absolute maximal values of the attitude and position errors for the third navigation case.
From the graphic and numeric results, it is found the maintaining approximately constant of the final percentages of influence in the navigator error even if the acceleration is not zero in the all three axes of the vehicle, and the angular speed is non-zero on the z axis. Also, can be observed the exercise of a stronger influence on the navigator y axis by the scale factor error of accelerometer y, even the acceleration applied to this axis is the smallest. The big value of the percent (-42.84%) is due to the higher negative value of the scale factor error of accelerometer y (-1.08%) comparatively with the other two accelerometers (-0.2% on x axis, and 0.28% on z axis) (see Table 4 ). Having non-zero angular speed on the z axis, can be seen a small influence of gyros scale factor errors in yaw channel. Assessing the positioning errors in differences relative to the situation when it is considered only the sensors noise, it is observed that the influence of the sensors errors is approximately the same for the three simulated cases. The errors combining in the general case compared to particular cases, in which are studied the influences of each sensor error, is explained by positive and negative values of the parameters found in Table 4 , but also by the crossings in the positive and negative area of the error characteristics in Fig. 9 . Also, the high values of position errors in the vertical channel are due largely to the presence of 1g acceleration on the z axis of the navigator, amplifying in this way the errors of the accelerometer in this channel. 
Conclusions
The numerical simulation of the influences of the inertial sensors errors on the solution of navigation of strap-down inertial navigator was here presented. To perform the simulations some Matlab/Simulink models for the acceleration and rotation sensors based on the sensors data sheets and on the IEEE equivalent models for the inertial sensors were realized. Also, the solving of a navigation problem relative to terrestrial non-inertial reference frames and the development of an error model for the navigator were achieved. The validation of the navigation algorithm and of its error model was realized by building Matlab/Simulink models for them, followed by numerical simulation of these models for several navigation particular cases. Following, a study of the dependence of the inertial navigator outputs errors by the errors of the used inertial sensors was conducted. Simulations were made for three different navigation cases, the vehicle having the same initial position in all three cases: 1) the vehicle is immobile, 2) the vehicle runs at 0.1 g acceleration on the x-axis, 3) The vehicle is subjected to turning with angular velocity 0.1 degree/s, while running on the track with acceleration 0.1 g along x-axis, which means the sensing of an acceleration of-0.0516 m/s2 (-0.0053 g) along yaxis.
The methodology presented here can be used successfully to estimate the effects of the sensors errors on the solution of navigation precision since in the design phase of the inertial navigator, without a prior acquisition of inertial sensors, and based only on their data sheet.
